Experiments in mice and clinical observations in humans are indicative that adult phenotype can be altered in offspring derived from embryos that were subjected to culture or that were produced by the combination of in vitro oocyte maturation, fertilization and embryonic development (in vitro production; IVP). The most commonly observed changes are in body and organ size, growth rate, cardiovascular function and regulation of glucose homeostasis. In cattle, IVP is associated with increased birth weight and neonatal death loss but little is known about the long-term consequences of embryo technologies.
Embryo technologies, whether involving superovulation (multiple ovulation -embryo transfer; MOET) or in vitro production (IVP), create multiple opportunities for those involved in production of dairy and beef cattle. Both MOET and IVP were developed primarily as a method for increasing the number of offspring from genetically-valuable females. Rates of genetic gain can be increased by combining genomic testing and embryo transfer (Pryce et al., 2010; Thomasen et al., 2016; Kaniyattam et al., 2017) . Use of embryo transfer in a commercial dairy can be profitable when costs of embryo production are low and the excess heifers sold from the herd are valuable (Kaniyattam et al., 2017) . Embryo transfer can also improve fertility as compared to artificial insemination (AI) for subpopulations of cows with low fertility -those exposed to heat stress and designated as repeat breeding females (Fig. 1 ). In addition, embryo transfer allows rapid change in the breed composition of a herd (Wheeler et al., 2006) and can allow production of crossbred animals without the need to maintain large numbers of purebred females. Moreover, IVP is an efficient method for using sexed semen (Wheeler et al., 2006; Pontes et al., 2010; Rasmussen et al., 2013; Pellegrino et al., 2016) and multiple embryos can be produced using a single straw of semen. Figure 1 . One of the promises of embryo transfer -improved pregnancy rates for cows that are heat-stressed or classified as repeat-breeders (third or more consecutive attempt to establish pregnancy). The figure is reproduced from Hansen (2014) with permission of Springer. Shown are examples of studies in lactating dairy cows in which pregnancy rates were improved by embryo transfer (open bar) as compared to artificial insemination (filled bar). Data from heat stress experiments are from Block et al. (2010; Florida) , Stewart et al. (2011; Texas) and Vasconcelos et al. (2011; Brazil) . Data from repeat breeder studies are from Son et al. (2007; South Korea) , Block et al. (2010; Florida) and Canu et al. (2010; UK) . DOI: 10.21451/1984-3143-AR991 Anim. Reprod., v.14, n.3, p.490-496, Jul./Sept. 2017 491
Despite the benefits that accrue from embryo technologies, some of the promise is not always realized because of aberrant embryonic development. It is well known that the IVP embryo can differ from the embryo produced in vivo in terms of morphology, gene expression and freezability (Hansen, 2006 (Hansen, , 2014 . Even superovulation can cause changes in embryonic developmental competence, gene expression and DNA methylation (Markert-Velker et al., 2010; Gad et al., 2011) . One consequence of embryo production in vitro is that pregnancy rates are often lower than for MOET (Pontes et al., 2009; Siqueira et al., 2009) . Moreover, pregnancy failure for pregnancies established following transfer of an IVP embryo can be elevated (Stewart et al., 2011) although this is not always seen (Pereira et al., 2016) . Calves derived from IVP embryos have also been reported to experience increased neonatal mortality (van Wagtendonk-de Leeuw et al., 1998; Bonilla et al., 2014) . Increased perinatal deaths can be ascribed in large part to abnormal offspring syndrome (Farin et al., 2010) which is often manifested as calves born with abnormally large body size. An example of a fetus derived from an IVP embryo that experienced excessive somatic growth is shown in Fig. 2 . Figure 2 . Excessive fetal growth at day 86 of gestation associated with in vitro embryo production. The fetus on the left was produced in vitro and the embryo on the right was produced by AI. The image is reproduced from Siqueira et al. (2017b) with permission of Oxford University Press.
Evidence from other species that culture of embryos can affect postnatal phenotype
Alterations in the function of the IVP embryo mean that one or more of the processes of oocyte maturation, sperm capacitation, fertilization, or embryonic development are not optimal. To be sure, the environment in which these events occur in vitro does not reproduce in all respects the environment in which these events occur in vivo. It is known from studies in various mammalian species that alterations in maternal environment during periods of oocyte maturation (Watkins et al., 2008; Turner and Robker, 2015) and preimplantation embryonic development (Fleming et al., 2015; Hansen, 2015; Hansen et al., 2016) can cause a change in developmental processes that have consequences for the resulting offspring in the postnatal period. This phenomenon, referred to as developmental programming, is likely to result either from epigenetic changes in the embryo that persist into later life or to a change in specific developmental processes that affect derived tissues or organs. In many cases, the change in phenotype caused by environmental cues is different for male offspring than for female offspring (Hansen et al., 2016) . Effects of environment on the sire can also have impacts on his offspring after birth (Rando and Simmons, 2015; Schagdarsurengin and Steger, 2016) .
Given the importance of parental environment for shaping postnatal phenotype, it is reasonable to question whether either IVP, which causes large perturbations in the environment of the gametes and embryo, or MOET, which is associated with ovulation of follicles not normally destined to ovulate and an abnormal endocrine environment, can change the phenotype of the animals produced using such technologies. This question has been addressed in the human, for embryos produced in vitro, and in the mouse, for embryos either produced and cultured in vitro or produced in vivo and cultured in vitro.
Studies in the human are difficult to interpret because of possible biases associated with the choice by a patient to seek IVP treatment. However, epidemiological studies have been conducted in which inclusion criteria were developed to minimize bias between children born from IVP vs control children. Increased frequency of hypertension in pre-adolescent and adolescent children born using IVP has been frequently observed . There are also data from the Netherlands that children and adolescents born as a result of IVP tend to be fatter than controls (Ceelen et al., 2007) . In contrast, educational performance was not associated with IVP (Wagenaar et al., 2008) .
Controlled experiments in the mouse also show that production of embryos in vitro can cause alterations in postnatal phenotype and that some perturbations occur in a sex-specific context. For example, mice derived from embryos that developed in vitro from the two-cell stage exhibited altered behavior in the Morris water maze task, with male offspring being more affected than females (Ecker et al., 2004) . In another study, Watkins et al. (2007) compared offspring derived from three procedures: transfer of embryos cultured from the two-cell to blastocyst stages of development, transfer of embryos flushed from the reproductive tract at the blastocyst stage, and natural mating. Among other endpoints studied, postnatal growth was generally similar between groups but mice derived from cultured embryos had higher systolic blood pressure than other groups at 21 weeks of age. Subsequently, Calle et al. (2012) examined male offspring derived from embryos cultured from the one-cell to blastocyst stages of development. Males derived from cultured embryos were less fertile than males derived from embryos produced in vivo as reflected by epididymal sperm count, sperm motility and the percent of females pregnant after breeding. In addition, male offspring, but not female offspring, experienced reduced clearance of an administered dose of glucose.
Specific components of culture medium used to produce mouse embryos in vitro have also been examined for their programming effects. In one experiment, addition of serum to the medium of embryos cultured from the one-cell to blastocyst stages resulted in offspring with altered behavioral responses in males and females, increased adult weight in females at 31 weeks of age and later and increased liver and heart size in both sexes at 20 month of age (Fernández-Gonzalez et al., 2004) . Using in vitro fertilization and embryo culture, Donjacour et al. (2014) evaluated effect of embryo culture medium on properties of the resultant offspring. Culture media evaluated were KSOM and Whitten medium. Offspring derived from embryos cultured in KSOM were similar to offspring derived from controls (either from transfer of flushed blastocysts or produced from natural mating). In contrast, male offspring from embryos cultured in Whitten medium experienced increased body weight during the first 19 weeks of life, enlarged left heart and reduced response to a glucose tolerance test compared to male offspring from other treatments. There were no differences between groups for female offspring.
Finally, Rexhaj et al. (2015) evaluated whether addition of melatonin to embryo culture medium would reduce developmental abnormalities associated with in vitro fertilization and embryo culture. Results indicated that in vitro fertilization and embryo culture caused various vascular abnormalities in offspring and associated changes in DNA methylation and that addition of melatonin to the culture medium prevented these changes.
The phenotype expressed by mice derived by IVP may depend upon the pre-and postnatal environment. Thus, for example, Strata et al. (2015) observed no difference in behavior between offspring derived from in vitro fertilization and embryo culture vs those produced by natural mating when the prenatal diet was a typical rodent diet and the postnatal diet was designed to mimic a moderately high-fat diet. In contrast, feeding a low-protein diet prenatally and a high far diet postnatally was associated with differences in behavior between the mice derived from IVP vs. natural mating. Similarly, Cerny et al. (2017) observed no differences in glucose tolerance, insulin sensitivity, or insulin stimulation of muscle blood flow in vivo between male mice derived by IVP vs. those derived in vivo (females were not observed). However, when offspring were fed a high fat diet, those produced in vitro were fatter, experienced fasting hyperinsulinemia and hyperglycemia, and had reduced utilization of glucose in response to insulin treatment.
Transgenerational effects of embryo culture have also been reported. Mahsoudi et al. (2007) examined properties of mice derived from cultured embryos as compared to those derived from embryos that developed in vivo (F0). In addition, mice of the next two generations (F1 and F2) were also evaluated. There were few differences between mice in the F0 generation. However, mice derived from cultured embryos had lower weight at weaning and higher thyroid weight and epididymis weight at maturity. Differences in weaning weight persisted in the F1 generation and, additionally, F1 mice descended from cultured embryos had higher brain, pituitary and kidney weights and lower prostate weights. There were no differences between groups in body weight in the F2 generation and other measurements were not taken. Calle et al. (2012) also examined the F1 and F2 descendants of males offspring derived from cultured embryos. The F1 and F2 male offspring of males derived by embryo culture had reduced clearance of glucose in the glucose tolerance test and increased liver size but there was no effect on female descendants.
First evidence that an assisted reproductive technology can affect adult phenotype in cattle
Studies in mice and humans are indicative that the entire process of IVP or, for mice, embryo culture, can change the adult phenotype of the offspring. However, results also indicate the degree to which phenotype is modified can depend on characteristics of the culture conditions, the sex of the offspring, and the environmental conditions offspring experience in postnatal life.
We recently analyzed a dataset from a registered Holstein dairy in north Florida that makes extensive use of embryo transfer using both IVP and MOET (Siqueira et al., 2017a) . Included in the study were females born from June, 2012 to April, 2014. This resulted in records for 3,465 AI females born alive (2,037 with production records for first lactation), 249 heifer calves born alive following MOET (183 with lactation records), 345 heifer calves born alive following IVP with fertilization using conventional semen (IVP-conv; 218 with lactation records) and 685 heifers born alive from IVP with fertilization using reverse X-sorted semen (IVP-sexed; 430 with lactation records).
As is true for studies on the consequences of human IVP, animals were not randomly assigned to reproductive technique. Rather, the managers of the farm assigned animals to the appropriate reproductive technique based on the breeding and management objectives of the farm. One difference between groups was for genomic estimates of predicted transmitting abilities (PTA) for economically important traits. For example, the genomic PTA for milk averaged 203 kg for AI, 290 kg for IVP-conv calves, 284 for IVP-sexed calves and 235 for MOET calves. Accordingly, lactational performance of the offspring was adjusted by using genomic PTA for milk, fat or protein as a covariate.
Heifer birth weight was significantly affected by reproductive technique but differences between groups were numerically small. In particular, calves born by IVP-conv (39.4 ± 0.3 kg) and IVP-sexed (39.0 ± 0.2) were larger than AI calves (38.5 ± 0.1 kg); values for MOET were intermediate and not different from any group (38.7 ± 0.4 kg). Weaning weight and average daily gain from birth to weaning did not differ between groups. However, weight at first breeding was highest for IVP-sexed (355 ± 2 kg), intermediate for IVP-conv (351 ± 3 kg) and MOET (346 ± 3 kg) and lowest for AI (344 ± 0.8 kg). Effects of treatment on average daily gain from weaning to breeding paralleled results for weight at breeding.
There was no significant difference between groups for age at first calving or interval from calving to conception in the first lactation. There were, however, significant effects of reproductive technique on lactational performance during first lactation (Table 1) . In particular, IVF-sexed females produced less milk, fat and protein than cows of other groups. The difference in average projected actual milk yield between cows produced using IVF-sexed and cows produced by AI was 321 kg. .0318 1 Abbreviations used are as follows: AI: artificial insemination; IVP-conv: in vitro embryo production with conventional semen; IVP-sexed: in vitro embryo production with reverse X-sorted semen; MOET: multiple ovulation and embryo transfer; PTA: predicted transmitting ability; DPR: daughter pregnancy rate.
2 The P-values are for the main effect of reproductive technique. Within a row, means without a common superscript differ at P < 0.05.
3 Data are from Siqueira et al. (2017a) .
Implications of bovine data
Caution must be taken when interpreting these data. Most importantly, neither dams nor sires of the animals studied were assigned randomly to treatment. Differences in genomic estimates of lactational performance were corrected for but other differences could have existed. Also, while to the best of our knowledge, calves were managed similarly after birth regardless of reproductive technique, one cannot discount some unknown difference in management. For example, fetal sex can affect milk yield in the existing lactation (Hinde et al., 2014) and it is conceivable that sex ratio of pregnancies in first lactation varied between groups. Given that culture system affected the nature of developmental programming in mice (Fernández-Gonzalez et al., 2004; Donjacour et al., 2014; , the effect of being born using a specific reproductive technology might depend on the particular details of the techniques employed. Accordingly, general conclusions should not be derived until the performance of animals derived from IVP or MOET is examined in a wide range of settings.
With these caveats in mind, the results of Siqueira et al. (2017a) indicate that IVP was only associated with adverse lactational outcomes when sexed semen produced using reverse sorting was used for fertilization. The fact that milk yield of IVP-conv and MOET cows was not different from that of AI cows may mean that the physiological processes controlling milk synthesis and secretion are less amenable to programming errors than for traits measured in mice and humans, i.e., cardiovascular function, growth rate, and regulation of glucose metabolism.
An important question to address is the mechanism by which use of reverse-sorted semen caused altered postnatal phenotype. The sorting process damages spermatozoa so that fertilization rate in vitro is compromised (Wheeler et al., 2006; Rasmussen et al., 2013) . Perhaps, reverse sorting reduces non-nuclear components of sperm that are delivered to the oocyte at fertilization, for example sperm-borne miRNA (Liu et al., 2012) . Also, a possible delay in fertilization due to damaged sperm could conceivably result in oocyte aging, which has negative consequences for the oocyte and subsequent embryo (Agung et al., 2006; Koyama et al., 2014) . A compelling question is whether use of sexed semen can alter adult phenotype only when included as part of IVP with reverse-sorting or whether similar effects would be manifest using IVP with semen sorted before cryopreservation. Indeed, it is possible that alterations in adult capacity for milk yield could be caused by use of sex-sorted semen for AI. There is one report that incidence of stillbirths is increased among bull calves born to females inseminated with X-sorted sperm (DeJarnette et al., 2009) . There is also a report from a smaller study that incidence of stillbirth is higher among females born following AI with X-sorted sperm (Healy et al., 2013) . The adult performance of calves born using AI with sexed semen remains to be determined and should be assessed.
Future directions
Observations that assisted reproductive technologies can result in alterations in the resultant offspring are part of a larger and still-emerging story that postnatal phenotype of mammalsis can be modified by the microenvironment of the embryo during the preimplantation period (Fleming et al., 2015; Hansen, 2015; Hansen et al., 2016) and of the gametes from which it was derived (Watkins et al., 2008; Turner and Robker, 2015; Rando and Simmons, 2015; Schagdarsurengin and Steger, 2016) . Thus, production efficiency of an animal may depend not only on its genotype and the environment in which it is raised but also on changes to its developmental program early in gestation. Understanding the nature of developmental programming may lead to novel interventions to improve efficiency of livestock production.
